The transmission of sensory Information at primary afferent synapses In the sprnal cord involves the release of sensory transmitter(s) that elicits both fast and slow excitatory postsynaptic potentials (EPSPs) in postsynaptic spinal neurons (
intracellular recording techniques have been used to provide information on the identity of excitatory sensory transmitters released at synapses formed between dorsal root ganglion (DRG) and dorsal horn neurons maintained in cell culture. Explants of embryonic rat DRG were added to dissociated cultures of embryonic dorsal horn neurons and synaptic potentials were recorded intracellularly from dorsal horn neurons after DRG explant stimulation.
More than 80% of dorsal horn neurons within 1 mm of DRG explants received at least one fast, DRG-evoked, monosynaptic input. In the presence of high divalent cation concentrations, the acidic amino acid receptor agonists, L-glutamate, kainate, and quisqualate excited all dorsal horn neurons which received a monosynaptic DRG neuron input, whereas aspartate and Nmethyl-D-aspartate (NMDA) had little or no action. Several compounds reported to antagonize the actions of acidic amino acids were tested for their ability to block DRG-evoked synaptic potentials and glutamate-evoked responses in dorsal horn neurons.
2-Amino-5-phosphonovalerate, a selective NMDA receptor antagonist, was relatively ineffective at antagonizing DRGevoked synaptic potentials and glutamate-evoked responses. In contrast, kynurenate was found to be a potent antagonist of amino acid-evoked responses and of synaptic transmission at all DRG-dorsal horn synapses examined. The blockade of synaptic transmission by kynurenate appeared to result from a postsynaptic action on dorsal horn neurons. These findings indicate that glutamate, or a glutamate-like compound, but not aspartate, is the excitatory transmitter that mediates fast excitatory postsynaptic potentials at the DRG-dorsal horn synapses examined in this study.
The transmission of sensory Information at primary afferent synapses In the sprnal cord involves the release of sensory transmitter(s) that elicits both fast and slow excitatory postsynaptic potentials (EPSPs) in postsynaptic spinal neurons (Eccles, 1964 Randic, 1984) . Several lines of evidence suggest that the fast EPSPs in spinal cord neurons evoked by primary afferent stimulation are mediated by L-glutamate or by compounds with similar postsynaptic actions. lontophoretic and pressure applications of L-glutamate depolarize the majority of mammalian spinal neurons in vivo and in vitro (Ransom et al., 1977b; Watkins and Evans, 1981; Salt and Hill, 1983 ) with a reversal potential (Mayer and Westbrook, 1984) similar to that of the EPSP evoked by dorsal root ganglion (DRG) neuron stimulation (Engberg and Marshall, 1979; Finkel and Redman, 1983; MacDonald et al., 1983) . Biochemical analysis has demonstrated a higher concentration of L-glutamate in dorsal than in ventral roots (Roberts et al., 1973) and has provided evidence for release of endogenous L-glutamate from regions of the CNS containing primary afferent terminals (Roberts, 1974; Takeuchi et al., 1983) . Moreover, L-glutamate-binding sites are found in high density in the superficial dorsal horn of rat spinal cord (Greenamyre et al., 1984) suggesting that amino acids may function as sensory transmitters released from cutaneous afferents.
Direct confirmation of the role of acidic amino acids as primary sensory transmitters is still lacking. In studies with intact spinal cord preparations it has been difficult to distinguish the direct effects of exogenously applied amino acid transmitter candidates. Moreover, pharmacological studies have provided evidence for at least three amino acid receptor subtypes, each of which can be activated by L-glutamate (Watkins and Evans, 1981; Foster and Fagg, 1984) . Selective ligands are available for only one of the receptor subtypes: N-methyl-o-aspartate (NMDA) is a selective agonist and 2-amino-5 phosphonovalerate (APV) is a relatively selective antagonist at the NMDA subclass of receptor (Davies et al., 1981a) . The ion channel opened by NMDA receptor occupation is subject to a voltagedependent blockade in the presence of micromolar concentrations of magnesium ions (Ault et al., 1980; Mayer et al., 1984; Nowack et al., 1984) thus providing a second means of distinguishing this receptor subtype. The existence of two additional classes of amino acid receptors has been proposed on the basis of pharmacological studies with the rigid amino acid analogues quisqualic acid and kainic acid (Watkins and Evans, 1981; Foster and Fagg, 1984) . These two receptors are more difficult to distinguish from each other. They are not blocked by magnesium ions or by APV but may be blocked differentially by y-o-glutamylglycine and piperidine dicarboxylic acid (Davis and Watkins, 1981) . These compounds, however, appear to be relatively nonselective since they also block the actions of amino acids at NMDA receptor sites (Francis et al., 1980; Davies et al., 1981 b) .
To provide more direct information on the identity of primary sensory transmitters and to characterize the postsynaptic receptors that mediate fast EPSPs at sensory synapses, we examined the actions of excitatory amino acid receptor ligands at afferent synapses in cell culture. Intracellular recording was used to identify dorsal horn neurons that receive monosynaptic DRG input and to 2281 characterize the sensitivity of these neurons to excitatory amino acid agonists. Several excitatory amino acid antagonists have been examined, and kynurenate (Perkins and Stone, 1982) was identified as a potent antagonist of synaptic transmissron between DRG and dorsal horn neurons. Kynurenate has been reported to antagonize EPSPs in hippocampal pyramidal neurons and ventral root potentials in the rat (Ganong et al., 1983) and frog (Elmslie and Yoshikamr, 1983) spinal cord. Our results suggest that L-glutamate or a closely related compound, but not L-aspartate, is likely to be the transmitter released at the sensory synapses examined in the present study. Vol. 5, No. 8, Aug. 1985 Cd' and 0.9 mM Mg'+ or 5 mM Ca*' and 3 mM Mg2+ to inhibit polysynaptic potentials (see "Results").
The use of extracellular electrodes to stimulate the presynaptic neurons did not allow us to monitor the presynaptic action potential of indivrdual DRG neurons. To provide evidence that successive stimuli resulted In the activation of the identical set of presynaptrc DRG neurons, the strmulus strength was varied until a range was found in which large changes In the strmulus strength resulted in no change in the amplitude of the EPSP. The stimulus strength was then confined to the middle of the range for the duration of the dorsal horn neuron impalement.
The EPSP was closely monitored throughout the experiment.
If sudden changes in EPSP amplitude were detected, the stimulus strength was adjusted and the experiment was restarted.
If there was any ambiguity in the constancy of stimulation, the recording was ended. Most EPSPs studred were composed of one to four components, each evoked at a different but constant stimulus strength (see Fig. 4 ). Changes In the stimulus strength at which individual components were elicited were tolerated only when alterations in the total divalent cation concentratron were made. After such a change, prolonged control records were obtained in order to ensure stability before proceeding with the experiment.
Materials and Methods
Dorsal horn neurons were obtained from the dorsal half of spinal cords of 15day rat embryos.
After removal of the dura, the dorsal spinal cord was chopped in two drrectrons at 200. 
Results
Intracellular recordings were obtained from 64 dorsal horn neurons that received monosynaptic DRG input. No significant variation was found in the properties of neurons obtained from different platings and from cultures maintained 4 to 12 weeks in vitro. In low concentrations of divalent cations (3 mM Ca'+, 0.9 mM Mg2+), spontaneous postsynaptic potentials were detected in more than 95% of dorsal horn neurons. Since no spontaneous synaptic activity or action potentials were detected when intracellular recordings were obtained from DRG neurons in the same cultures, spontaneous EPSPs were probably due to input from other dorsal horn neurons. Spontaneous synaptic activity was blocked by the addition of Cd*' (100 to 200 PM) or Co'+ (2 to 5 mM), or by increasing the total divalent cation concentration (5 mM Ca2+ and 3 mM Mg'+).
Electrical stimulation of DRG explants evoked EPSPs in more than 80% of dorsal horn neurons located within 1 mm of the explant. In recording medium containing 3 mM Ca2' and 0.9 mM Mg'+, the postsynaptic response was multiphasic and prolonged ( Fig. IA) , suggesting that at least part of the response was mediated by polysynaptic circuits. Two properties of the evoked synaptic potentials were used to discriminate between monosynaptic and polysynaptic EPSPs. (7 ) depression of the first component (Fig. 1A) . (2) High concentrations of divalent cations (5 mM Ca" and 3 mM Mg2+) decreased or blocked all but the earliest, monophasic EPSP (Fig. 1B) . The effect of divalent cations presumably reflects an increase in the spike threshold of all neurons in the culture (Frankenhaeuser and Hodgkin, 1957; Yellen, 1984) and a consequent blockade of polysynaptic pathways. DRG-evoked EPSPs were therefore classified as monosynaptic if their latencies were constant, if they followed 10 Hz stimulation, and if, in high levels of divalent cations, repetitive stimulation resulted in a monophasic EPSP. Depolarizations of slow onset or prolonged duration were not observed in dorsal horn neurons after stimulation of DRG explants, even at stimulus frequencies of up to 5 Hz for periods up to 8 min. The sensitivity to excitatory amino acids and related compounds was only tested in those dorsal horn neurons that received monosynaptic sensory input. The effects of excitatory amino acids and their analogues on dorsal horn neurons were consistent in all platings. L-Glutamate (10 to 20 PM), quisqualate (1 to 10 PM), and kainate (IO to 20 PM) all were potent excitants. Kainate and Lglutamate were approximately equipotent, whereas quisqualate was 10 to 20 times more potent. These agonists caused rapid depolarizations of 10 to 40 mV in 55 of 57 neurons. The depolarizations were often suprathreshold (Fig. 2) . In contrast, NMDA, at concentrations up to 200 PM, had no effect (25 of 25 neurons). L-Aspartate (100 to 200 PM) either had no effect (22 of 25 neurons) or elicited small depolarizations (1 to 5 mV) after repeated application (3 of 25 neurons). However, all dorsal horn neurons that were insensitive to L-aspartate received monosynaptic input from DRG neurons (Fig.  3) .
To determine whether amino acids, or compounds acting at amino acid receptors on dorsal horn neurons, might be transmitters at sensory synapses, we examined the effect of several antagonists of excitatory amino acid-evoked responses on the DRG-evoked monosynaptic EPSP recorded from dorsal horn neurons. Kynurenate Sixteen action potentials were averaged in each condition and then superimposed. Action potentials were evoked by stimulation of the explant of which this neuron was a peripheral member. In this neuron potentials appeared to be generated by antldromlc Invasion, since there was a distinct delay from the stimulus artifact (stimulus duration was 200 psec) and since the action potential could be "fractionated"
Into an initial segment spike by hyperpolarizlng the neuron (not shown). Resting potential = -75 mV.
A control w4 (Fig. 58) . Piperidine dicarboxylate and Y-Dkainate (Fig. 4, A C, Same record as in B at x12 gain to show that, when the first EPSP in the pair IS scaled to match that of control (in A), the amplrtude of the second EPSP IS greatly potentrated.
13, Control record after washout of Co'+. E, EPSPs resulting from stimulation identrcal to that in A in the presence of 0.5 mM kynurenate.
F, Same record as in E at x5 gain. All traces are averages of 16 records. Resting potential = -65 mV. The calibration in E applies to A, B, 13, and E. Since kynurenate was the most potent antagonist at DRG-dorsal horn synapses identified in these studies, we performed additional experiments to determine its site and mechanism of action. The reductron by kynurenate of EPSP amplitude and of amino acidevoked depolarizations was not associated with any change in the input resistance of dorsal horn neurons ( Fig. 4A ; 10 neurons) or with changes rn the threshold, amplitude, or duration of the action potential recorded intracellularly from the cell bodies of DRG neurons ( Fig. 4C; 4 neurons) . All EPSPs, whether spontaneous or recorded in response to DRG stimulation, were antagonized by kynurenate (22 neurons).
The blockade of amino acid-evoked depolarizations of dorsal horn neurons clearly demonstrates a postsynaptic site of action of kynurenate. However, it is possible that kynurenate antagonized the EPSP by blocking action potential propagation in the axons of DRG neurons presynaptic to dorsal horn neurons. Most of the EPSPs studied were composed of smaller units which could be separated by a continuous gradation in the stimulus strength. Graded stimulation revealed discrete steps in the amplitude of the EPSP (Fig. 6 ) and suggested that several DRG neurons can form functional synapses on the same dorsal horn neuron. In the presence of kynurenate the same number of discrete steps could be evoked, although the amplitude of each was reduced to a similar extent. Moreover, recruitment of each step in the EPSP occurred at a stimulus strength identical to that required before addition of kynurenate. These findings indicate that kynurenate did not block spike propagation in DRG axons and are consistent with a postsynaptic site of inhibition of the DRG-evoked EPSP.
The site and mechanisms of action of kynurenate were further investigated by examining their effect on synaptic depression evoked by paired presynaptic stimuli. At stimulus intervals of 50 to 400 msec the second EPSP was depressed to 50 to 70% of the first EPSP in medium containing 5 mM Ca"+ and 3 mM Mg'+ (Fig.  7A) . When the Mg'+/Ca" ratio was increased or Ca" channel blockers such as Co'+ or Cd'+ were added to the superfusion medium, the depression was either partly or entirely abolished (n = 6). In experiments in which the first EPSP was substantially decreased, a potentiation of the second EPSP resulted (Fig. 7, 13 and C). In contrast, when the first EPSP was decreased to about 20% of its control amplitude by addition of 0.5 mM kynurenate, the second response was decreased to a similar extent (Fig. 7, E and F) . Moreover, the addition of kynurenate sometimes resulted in an enhancement of the depression, In control conditions in the experiment illustrated in Figure 70 , the ratio of the amplitudes of the second to the first EPSP was 0.8, whereas in the presence of kynurenate (Fig. 7 , E and F) the ratio was decreased to 0.74, indicating that the depression of the second EPSP was increased. The mean increase in depression observed in the presence of kynurenate was 13% (range -2% to 44%; n = 7; in Fig. 7 , depression increased 8%). The enhancement of depression could be due to a slight use dependency of the kynurenate block. During trains of single stimuli the amplitude of the EPSP reached steady state after one to five repetitions. Comparison of the steady-state amplitudes evoked at 0.2 Hz and 10 Hz in the presence and absence of kynurenate revealed that the antagonism was enhanced approximately 1.2.fold at the higher frequency. Other possible mechanisms underlying the enhanced depression are discussed below. It is important to note that the reduction in EPSP amplitude produced by kynurenate was not invariably associated with an enhancement of synaptic depression in the paired stimulus experiments. Figure 8 illustrates the result of an experiment in which the degree of depression was unaltered by kynurenate. This indicated that the ability of kynurenate to block sensory neuron synapses was independent of its action to enhance synaptic depression.
Although kynurenate antagonized the response of dorsal horn neurons to L-glutamate, quisqualate, and kainate, it did not inhibit the response of dorsal horn neurons to all excitatory transmitter candidates. We have shown previously that ATP excites a subpopulation of dorsal horn neurons by activating a membrane conductance similar to that evoked by L-glutamate (Jahr and Jessell, 1983) . The reversal potential of both L-glutamate (Mayer and Westbrook, 1984) and ATP (C. E. Jahr, unpublished observations)-evoked responses on spinal neurons is near 0 mV. Superfusion of dorsal horn neurons with a concentration of kynurenate sufficient to antagonize both the DRG-evoked EPSP and the response to L-glutamate had no effect on the response of the same neuron to ATP (Fig. 9) . (Ransom et al., 1977a; Choi and Fischbach, 1981, MacDonald et al., 1983) . We have found that one major difficulty in studying primary afferent transmission between DRG and dorsal horn neurons in dissociated cell co-cultures is the low probability of detecting synaptically coupled pairs of neurons. In the present study we overcame this problem by growing explants of DRG neurons in co-culture with dissociated dorsal horn neurons. By stimulating many DRG neurons simultaneously, we were able to increase, dramatically, the probability of recording from dorsal horn neurons that could be excited monosynaptically. The high density of DRG processes near the explant may also have increased the frequency of synaptic contacts between DRG and dorsal horn neurons.
Several criteria were used to provide evidence that synaptic potentials recorded from dorsal horn neurons after extracellular stimulation of DRG were monosynaptic. As previously described (MacDonald et al., 1983 ) the divalent cation concentration in the recording medium was increased to a level sufficient to block spontaneous synaptic input to dorsal horn neurons. In this condition, monosynaptic EPSPs generated in dorsal horn neurons by DRG stimulation could be studied without contamination from dorsal hornspinal neuron interactions. If the evoked EPSPs followed repetitive stimulation of 10 Hz, appeared with a constant latency, and were monophasic, they were classified as monosynaptic. The high proportion of dorsal horn neurons that received DRG input under these recording conditions enabled us to compare the pharmacology of monosynaptic EPSPs with that of the potentials evoked by various excitatory amino acid transmitter candidates on the same dorsal horn neurons.
The elevation of the Mg'+ concentration in the recording medium was designed to discriminate between L-aspartate and L-glutamate as potential sensory transmitter candidates. The ion channel of mammalian central neurons that is sensitive to both L-aspartate and L-glutamate and is activated selectively by the L-aspartate analogue, NMDA, is subject to a voltage-dependent blockade by micromolar concentrations of Mg*+ (Mayer et al., 1984; Nowak et al., 1984) . Under our recording conditions, in the presence of 3 KIM Mg'+, this receptor/channel complex is likely to be inactive. The failure of NMDA and L-aspartate to excite dorsal horn neurons appears to confirm this possibility. The selective depolarization observed by Lgluatamate under these ionic conditions therefore suggests that Lglutamate but not L-aspartate may mediate the fast afferent EPSP recorded from dorsal horn neurons. The weak antagonist action of APV on DRG-evoked EPSPs further suggests that if L-glutamate is the transmitter at these synapses, it is unlikely to mediate its effects via the NMDA receptor subtype, at least at a potential range near rest. From these studies, however, we cannot exclude the possibility that L-aspartate is a sensory transmitter at synapses that cannot be detected under these recording conditions.
The use of kynurenate has provided further evidence that Lglutamate or a closely related compound is the transmitter at the sensory neuron synapses examined in these experiments. The blockade by kynurenate of L-glutamate responses of dorsal horn neurons at concentrations that also reduced or abolished the DRGevoked monosynaptic EPSP is consistent with the idea that Lglutamate is a primary sensory transmitter. However, with extracellular stimulation of DRG neurons, the presynaptic spike could not be monitored to ensure that kynurenate was not altering spike threshold or propagation in those DRG neurons that synapsed onto the dorsal horn neuron under study. This possibility seems unlikely for several reasons. The amplitude of the EPSP decreased gradually as kynurenate was introduced into the bath. Blockade of the presynaptic spike would be expected to cause an abrupt decrease or blockade of the EPSP. In dorsal horn neurons where the EPSP was evoked by multiple DRG inputs (distinguished by gradations in stimulus strength), each EPSP component was decreased by kynurenate without a reduction in the number of components recorded. The stimulus strengths at which each successive increment occurred under control conditions were not altered by addition of kynurenate. EPSPs which were all or none in their activation (suggesting a single input) were also decreased in a continuous manner as kynurenate was introduced into the recording chamber. Furthermore, kynurenate did not alter the threshold or duration of the action potential, assessed by intracellular recordings from randomly selected DRG neurons within the explant.
To distinguish between a presynaptic and postsynaptic site of action of kynurenate, we also used a method that should be sensitive to changes in the amplitude and duration of the spike at DRG axon terminals. This method is based on studies of the phenomena of synaptic depression and potentiation at the neuromuscular junction. Thies (1965) has reported that in normal or elevated levels of Ca*+, synaptic depression results from a decrease in the amount of transmitter released. Thus, the quanta1 content of the second endplate potential (EPP) evoked by a pair of closely spaced stimuli is lower than that of the first EPP. The magnitude of the depression is a function of the number of quanta released by the first stimulus in that, when the quanta1 content of the first EPP is reduced by decreasing the Ca'+/Mg'+ ratio, a potentiation rather than a depression of the second EPP occurs. It has been suggested that depression results when the amount of transmitter released by the first stimulus is sufficient to deplete the store of transmitter available for release by the second stimulus. d-Tubocurarine, a postsynaptic receptor antagonist, decreases the amplitude of all EPPs to the same extent (Otsuka et al., 1962) , indicating that antagonists acting at postsynaptic receptors do not alter synaptic depression.
We observed similar phenomena at sensory neuron synapses. In recording medium containing 5 mM Ca'+ and 3 mM Mg'+, the EPSP recorded in dorsal horn neurons in response to the second of a pair of presynapfic DRG stimuli was depressed. When transmitter release was decreased by a reduction in the Ca'+/Mg*+ ratio, or by addition of Ca2+ channel blockers to the recording medium, the degree of synaptic depression was diminished and, at times, when transmitter release was severely decreased, the EPSP was potentiated. Thus, presynaptic blockers reduce the extent of synaptic depression at sensory synapses. In contrast, kynurenate did not reduce the extent of synaptic depression. In fact, at some but not all sensory neuron synapses, the degree of depression was actually increased. At least four mechanisms could account for the enhancement of synaptic depression.
7. Kynurenate may block ion channels opened by the sensory transmitter. In this case the time constant of decay of the EPSP would be decreased, the antagonism would be use dependent, and, depending on the site of channel block in the potential field of the membrane, the block might be voltage dependent (Adams, 1976; Beam, 1976) . The time constant of the decay of the EPSP was unaltered by kynurenate, although small changes in the decay phase might not be resolved in the present current clamp experiments. The voltage dependency of the blockade could not be studied with enough precision to test its possible contribution. The antagonism of the EPSP by kynurenate was use dependent. Use dependence, however, could also be due to a higher affinity of kynurenate for the activated receptor/channel complex. These observations suggest that channel block is not the primary mechanism by which kynurenate exerts its antagonism of DRG-evoked EPSPs in dorsal horn neurons. Voltage clamp analysis of the underlying conductance change should provide a more direct measurement of the time course of the synaptic event.
2. The increased depression after addition of kynurenate could result from nonlinearities in the membrane properties of dorsal horn neurons. Large EPSPs will depolarize neurons to such an extent that membrane rectification becomes an important factor in determining the amplutide of the EPSP. An enhancement of depression would 2288 Jahr and Jesse11 Vol. 5, No. 8, Aug. 1985 (Dodd et al., 1984; Jessell and Dodd, 1985) .
